In the presence of a high concentration of weak-acid anions, such as monohydrogenophosphate which confer to a pyrrole aqueous solution a pH around 9, an ultra thin non-conductive overoxidized polypyrrole film is deposited on the electrode under an anodic polarization. In the same experimental conditions, after addition of perchlorate anions (C > 0.5 mM) in the pyrrole solution the electrooxidation of the monomers leads to the synthesis of a superhydrophilic nanostructured conductive polypyrrole film (network of nanofibers or oriented nanowires, 50-120 nm in diameter).
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Introduction
Among all the conducting organic polymers, polypyrrole (PPy) is one of the most widely used due notably to its biocompatibility, environmental stability and ease of preparation even under nanostructured form. Indeed, polypyrrole nanostructures can be easily synthesized [1] , [2] , [3] by a chemical or an electrochemical way using templates such as soft-templates [4] , [5] , [6] , hardtemplates [7] , [8] , [9] or wire-templates [1] , [2] , or without the use of templates [10] , [11] , [12] . In the last case, polypyrrole nanostructures can be electrogenerated in the presence of a high concentration of weak-acid anions which confer to the pyrrole solution a pH between 6 and 10 and of non-acidic anions such as perchlorate ions. [13] , [14] , [15] , [16] , [17] , [18] We have shown that for a pyrrole (Py) solution of pH 9, in the presence of low perchlorate concentration, oriented polypyrrole nanowires are obtained whereas for the highest perchlorate concentration, polypyrrole interconnected nanowire networks are electrogenerated (see Fig. 1 ). [19] Whatever the route of preparation (chemical or electrochemical), the oxidation of pyrrole leads to the formation of polypyrrole under its oxidized form, the polymer is doped with anions (A -), according to the following reaction: (1) where γ stands for the doping level of the polymer, this value ranging between 0.25 and 0.33. It should be noticed that the presence of anions is essential for Py polymerization. Actually it has been shown that the reaction rate of Py polymerization is directly proportional to the anion concentration in the Py solution. [20] It has been reported that when only anions of weak acids (named weak-acid anions), such as monohydrogenophosphate, acetate, carbonate, monohydrogenocarbonate or tartrate ions, which confer a relatively high pH to the Py solution, are present in a pyrrole aqueous solution the electrooxidation of the monomers leads to a pinhole-free and very thin (about 10 conductive overoxidized polypyrrole (OPPy) film, under potentiostatic or potentiodynamic Actually, this overoxidation is indirectly related to the release of protons at the electrode/solution interface during Py oxidation (Reaction 1). Indeed, the protons which are released during Py polymerization are captured by the weak-acid anions. Thus if released, at a moment a very few or no anions are available at the trode/solution interface so that the Py oxidation cannot take place anymore. potential is applied, water oxidation occurs leading to the generation of hydroxyl already deposited PPy film resulting in its overoxidation: to a few microns simply by changing the electrode polarization duration. The nanowire length depends linearly on the electrode polarization time. Besides it has been evidenced that the growth of the nanowires does not begin immediately after imposition of the potential but only after about 30 seconds of polarization. Therefore, it has been assumed that at least two main processes take place, one at the beginning of the electrode polarization (until about 30 s) following by the Py polymerization at the nanostructure extremity i.e. the growth of the nanowires. SEM observations ( Fig. 2 ) have shown that a very thin homogeneous PPy film is formed before that the nanostructures begin to grow, therefore the nanostructure bases are not directly on the substrate. the polymer film has been removed before SEM observation. 6 These nanostructured PPy films are conductive and superhydrophilic. XPS analyses have shown that they contain nearly only perchlorate ions as dopant anions. [19] Recently, we have demonstrated the influence of the perchlorate concentration of a pyrrole aqueous solution, which contains a high concentration of monohydrogenophosphate ions (0.2 M), on the electropolymerization process and its effects on the morphology of the films. The influence of the pH of the pyrrole solution was highlighted too. [19] Finally, we have proposed a reaction mechanism which allows to explain the one-step synthesis of such nanostructures without the use of template or of chemical additives. This mechanism is summarized in Fig. 2. [10] It also allows us to explain the shape of the chronoamperometric curves. Briefly, it is composed of three steps (named A, B, C in Fig. 2 ). The first one is the classical electrodeposition of a thin PPy film associated with a proton release and therefore to a decrease of weak-acidic anion concentration at the electrode/electrolyte interface. The second step, in very short time, concerns the oxidation of water leading in some places to the overoxidation of the polymer formed during the first step, this overoxidation being due to the action of the hydroxyl radicals (reactions 2 and 3), and in other places to the formation of O 2 nanobubbles (reaction 4) that protect the polymer against the action of hydroxyl radicals i.e. against overoxidation which leads to a non-conductive polymer. Finally, at the film/solution interface, when the anion concentration begins to increase, due to the anion diffusion from the electrolyte bulk and polymer dedoping (anions are expelled from the polymer when it is overoxidized), PPy nanowires start to grow at the places where O 2 has been formed during step 2.
7 solution since protons are released. In order to measure the interfacial pH, the technique initially proposed by Romankiw [24] was used. It consists on the use of a pH electrode having a flat glass membrane. Actually, a thin mesh metallic grid which is used as the working electrode is maintained in contact with the planar membrane of the pH electrode. Therefore, the pH of the small liquid volume contained inside the holes of the grid is measured by the glass electrode.
Actually, two types of experiment were conducted in order to confirm the mechanism of PPy nanostructure formation that we have previously proposed. In the first one, the variation of electrode/electrolyte interfacial pH was studied in order to verify that this pH is compatible with the water oxidation potential (E = 0.99 -0.06 pH V vs. SCE, at 25°C). Since, according to our assumption, this reaction is essential for the formation of polypyrrole nanostructures. In the second one, PPy films have been electrogenerated by rotating the working electrode in order to expel the oxygen nanobubbles that protect the film against the action of the hydroxyl radicals i.e. against its overoxidation.
Experimental
Pyrrole solution was distilled before use. Py solution, K 2 HPO 4 and LiClO 4 salts were purchased from Aldrich. All the solutions were prepared with bi-distilled water.
The electrochemical experiments were performed in a classical three-electrode electrochemical cell. A platinum grid was used as counter electrode and a saturated calomel electrode (SCE) as the reference one. The working electrode was either a Pt rotating disk electrode (RDE) (S = 0.07 cm²) or a Pt grid for interfacial pH measurement or an ITO substrate for SEM observations. The pyrrole polymerization was conducted under potentiostatic conditions. The potentiostat used was an Autolab PGSTAT30 (Ecochemie). Interfacial pH measurements were performed following Romankiw's method. The working electrode made of a Pt grid was maintained in contact with the planar glass membrane of the pH electrode [25] , [26] by a seal which also allows to delimit the electrode surface in contact with the electrolyte (see Fig. 3 ). Between two experiments, the Pt grid was flamed to remove the deposited polymer. 9 
Results and discussion

Variation of the interfacial pH during PPy synthesis
Various experiments were conducted to monitor the interfacial pH as a function of the electrode polarization time, of the applied potential and of the anionic composition of the pyrrole solution.
The first experiments were performed in a Py solution containing only perchlorate ions as anions.
It is well known that in these conditions a compact PPy film having a classical cauliflower-like structure is formed. The initial pH of the Py solution was 6.9. Actually, two experiments were performed: one starting at this pH ( Fig 4A) and the other by adjusting the pH to 9.2 (same pH as the 0.2 M K 2 HPO 4 solution) before measurement by addition of KOH ( Fig 4B) . Fig. 4 shows that, as soon as the electrode is polarized at 0.7 or 0.78 V vs. SCE, an anodic current due to Py equivalent for both experiments and close to 9.2. At this pH, the water oxidation potential is 0.44 V vs. SCE, at 25 °C. Therefore it is much lower than the applied potential (0.78 V vs. SCE). As already observed, when the electrode is polarized at 0.78 V/SCE, an anodic current appears.
However, contrary to the case in the presence of solely perchlorate ions in the Py solution only a small change in the interfacial pH (see Fig 4) can be observed. This small variation is consistent Fig. 4 ).
with the presence in the Py solution of weak-acid anions (HPO 4
2-
) which capture the protons released during the oxidation of the pyrrole monomers (reaction 1). Figure 5 shows clearly that, for a given anodic charge, the interfacial pH is function of the applied potential for a given Py solution and of the anionic composition of the Py solution for a given applied potential. For example, for an anodic charge of 0.25 C the interfacial pH could vary from 2.65 to 8.73.
In the presence of HPO 4
, the interfacial pH variation which is function of the anodic current, remains low compared to the previous results even for relatively high perchlorate ions concentration in the Py solution (see Fig 4D) . This low interfacial pH decrease is consistent with the water oxidation that will allow the formation of polypyrrole nanostructures according to the proposed mechanism schematized in Fig. 2 . 
Influence of the electrode rotation speed
After verifying the thermodynamic conditions for a possible dioxygen evolution, the ability to O 2 nanobubbles after being generated by electrolysis to stay at the electrode surface was checked mechanically by rotating the electrode. It is implicitly assumed that these nanobubbles would have a sufficient life time during the polymer film synthesis (see Fig. 2, step B ). Recent progresses in interfacial physics devoted to wetting of solid surfaces have evidenced the role played by nanoscopic gaseous domains that are formed at the solid/liquid interface. [6, [27] [28] [29] As clearly stated by the authors, a full understanding about these phenomena is not obtained yet.
However the most surprising and well established conclusion was that these nanodomains, instead of dissolving in a very short time, persist for a sufficiently long time to be considered as stable to bulk dissolution. decreases. Taking into account the proposed mechanism (Fig. 2) , it is assumed that the rotation of the working electrode leads to the expulsion of the dioxygen nanobubbles that locally protect the polypyrrole film against its overoxidation by the hydroxyl radicals. Finally, because locally the polymer film is no more protected against the action of the radicals it is entirely overoxidized.
The chronoamperograms recorded for the higher rotation rates used ( Fig. 7, curves d and e ) and
the very low anodic charges (less than 1 mC ; see Fig. 8 ) confirm that a very thin non-conductive OPPy film is obtained.
For polypyrrole film synthesized in the presence of only pyrrole monomers and perchlorate ions mC is obtained using a perchlorate concentration of 2 mM without electrode rotation whereas this concentration is 5 times higher for an electrode rotation rate of 62.8 rad s -1 .
Obviously, this finding does not appear consistent with the fact that the contribution of the anion at the electrode increases with the electrode rotation speed. It can be explained assuming that the dioxygen nanobubbles which locally protect the polypyrrole film against the action of the hydroxyl radicals are expelled mechanically when the electrode rotation rate is high enough. The removal of the dioxygen nanobubbles leads to the total overoxidation of the polypyrrole film formed at the very beginning of the electrode polarization (step A, Fig. 2 ). It has been shown by
Hui et al. that a two-step process implying nanobubbles allowed to electrogenerate nanoporous PPy films. [6] First a cathodic polarization was applied to generate H 2 nanobubbles followed by an anodic polarization to oxidize Py monomers leading to the deposit the polymer around the nanobubbles stayed at the electrode surface. In our conditions, the polymer synthesis is performed by applying only one anodic potential and the O 2 nanobubbles are located inside the PPy film formed during the first step of the synthesis (step A, Fig. 2 ). These nanobubbles do not mask the substrate avoiding the polymer growth as in Ref. 6 , but protect the polymer against the action of the hydroxyl radicals and therefore allow it to retain its electrical conductivity since it is not overoxidized.
Conclusions
The experiments reported herein confirm that water oxidation with production of hydroxyl radical and dioxygen nanobubbles should take place for the templateless electrogeneration of polypyrrole nanostructures. Actually, this electrosynthesis route is based on two points: (i) the low interfacial concentration of anions in order to limit the Py oxidation in favour of water oxidation; (ii) an interfacial pH sufficiently high to allow water oxidation at the PPy polymerization potential.
The influence of the working electrode rotation speed has been studied and allowed to emphasis the presence of dioxygen nanobubbles which prevent the fully overoxidation of the polypyrrole synthesized film by preserving some circular conductive zones on which the polypyrrole nanostructures will be able to grow.
